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The polarizations of topological edge modes in the vicinity of optical Weyl points were nu-
merically studied in chiral photonic crystals. We investigated two kinds of rotationally stacked
woodpile structures in which planar rod arrays were vertically stacked one-by-one with an in-
plane rotation angle of 60◦ or 45◦. Both structures showed pairs of optical Weyl points having
topological numbers of opposite signs for photonic bands in low orders. Topological edge
states derived from the Weyl points appeared below the light line, and were strongly con-
fined at the air interfaces in a length shorter than the wavelength. Their polarizations in a
direction perpendicular to the propagation direction were found to be one particular circular
polarization that depended on the handedness of the structural chirality. Since these chiral
photonic crystals can be fabricated using semiconductor materials such as GaAs or Si, the
obtained robust planar waveguides for circularly polarized light at the interface between air
and the semiconductor structure can be useful not only in photonics but also in spintronics or
quantum information technology through spin-photon interfaces.
A Weyl point is a single point degeneracy for two linear dispersions in three-dimensional
(3D) momentum space, and is a 3D counterpart of a Dirac point in two-dimensional (2D)
systems such as graphene.1) Thus, Weyl points are expected to provide high electron mobil-
ity in 3D directions or negative magneto-resistance in electronics,2) as well as large-volume
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single-mode lasing3) in photonics. Though a Weyl point has a non-zero topological charge,
like a Dirac point, the Weyl point breaks the chiral symmetry that holds for a Dirac point.
Therefore, by detuning a wavevector in any 3D direction from a Weyl point, the point degen-
eracy is lifted, and topological edge states are easily obtained in the energy gap. These edge
states can be applied to topologically protected waveguides without any external fields.
Since the Weyl Hamiltonian, which is a massless case of the four-spinor Dirac Hamilto-
nian, includes all three terms of Pauli matrices, the product of parity (P) and time-reversal (T )
symmetry of the system must be broken in order to obtain Weyl points. To break PT symme-
try, breaking T symmetry by external magnetic fields or internal effective magnetic fields such
as spin-orbit interactions is relatively difficult in practical realizations, particularly in photon-
ics. In the case where T symmetry is maintained, possible systems forming Weyl points in a
3D reciprocal space are 3D structures with properties that break P symmetry, such as chiral-
ity.4–6) In photonics, recent progress in 3D fabrication allows us to realize Weyl points in the
microwave regime by using ceramic-based gyroids,7) metal-coated dielectrics having twisted
slots,8) or non-centrosymmetric metal inclusions in a dielectric,9) and in the optical regime
by using polymer-based helices.10) However, these reported structures are designed for the
microwave regime, or are relatively large in a sub-mm scale by using photonic bands in high
orders above the light line. In addition, the materials in those reports are not suited for scaling
to or integration with current electrical/optical systems.
Here, we numerically found Weyl points in two kinds of semiconductor-based chiral
woodpile photonic crystals (PhCs) consisting of planar rod arrays stacked vertically with
an in-plane rotation angle of 60◦ or 45◦. These semiconductor chiral structures, having sub-
micron periodicity, can be fabricated by a micro-manipulation technique11, 12) and are ex-
pected to work with near-infrared light. Numerical calculations using a localized basis set13)
were performed to obtain the section Chern number defined for a 2D section of a 3D Brillouin
zone. In both kinds of PhCs, Weyl points are found at photonic bands in low orders, and the
section Chern numbers at around the Weyl points change by varying the wavevector. Due to
bulk-edge correspondence,14) topological edge modes are found even below the light line, in-
dicating that the edge states are well-confined at the interface between the chiral PhCs and air.
These edge states are found to be strongly polarized in one of the circular polarizations de-
pending on the handedness of the structural chirality. Note that though a previous report6) also
showed Weyl points in a similar structure using a tight-binding method, the edge states were
investigated only at metal interfaces, and their polarization was not discussed. The obtained
edge states derived from the Weyl points can be applied to topologically-protected waveg-
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uides at air interfaces, which can be integrated in the electrical/optical devices due to the use
of a semiconductor material. Furthermore, since the semiconductor-based structure can con-
tain light sources such as quantum dots,15) topologically-protected active optical devices such
as light emitting diodes and lasers are also expected. Considering the correspondence between
circularly polarized light and electron/hole spins in the solid state, the proposed structure can
be useful not only in photonics but also in spintronics or quantum information technology.
One kind of 3D chiral PhC composed of plates having a rod array is shown in Fig. 1(a)
and (b). The rod pattern is rotated by 60◦ in the in-plane direction for each stacked plate.
Rods having a width of 130 nm and a thickness of 500/3 nm are arranged with a period of a
= 500 nm. The rod material is assumed to be GaAs having a refractive index of 3.4. These
three plates construct a single helical unit having a helical pitch of p = 500 nm (= a). From a
top view of the PhC, the structure looks a triangular lattice.
Figure 1(c) and (d) shows the other kind of chiral PhC formed by stacking similar plates
with a 45◦ in-plane rotation. In this structure, the width and thickness of the GaAs rods are
130 nm and 125 nm, respectively, and four plates construct a single helical unit having a
helical pitch of 500 nm. Note that the period of the rod array is 500 nm in the first and third
plates, whereas it is 500/
√
2 nm in the second and fourth plates. From a top view of the PhC,
the crossing points of the rods form a square lattice. The x, y, and z axes in both PhCs are
defined as shown in Fig. 1.
We performed numerical calculations using a spatially localized Gaussian basis set13) to
obtain photonic band structures and topological Chern numbers for these chiral PhCs having
periodic boundary conditions. Note that since the Chern number is defined only in even-
dimensional systems, we calculated section Chern numbers defined for a 2D section of a
3D Brillouin zone. In the calculations of the topological edge states, the spatial calculation
region is limited, as schematically shown in Fig. 1(e). In the x-direction, the size of the PhCs
are limited to a length of 4 µm (= 8a) and are sandwiched by air regions with a length of 1
µm (= 2a). Both sides of the calculation region in the x-direction are finally terminated by
perfect conductors. The respective lengths of the calculation region in the y and z-directions
are 1/
√
3 µm (= 2a/
√
3) and 0.5 µm (= a) for the PhC with a 60◦ in-plane rotation, and 0.5 µm
(= a) and 0.5 µm (= a) for the PhC with a 45◦ in-plane rotation. Periodic boundary conditions
are imposed in the y and z-directions. To confirm the obtained results, we also used a plane
wave expansion (PWE) method and a finite-difference time domain (FDTD) method for the
band structures and the edge states, respectively.
First, we investigated the chiral PhC constructed by stacking the plates with 60◦ in-plane
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rotation. The chirality of this PhC is right-handed. Figures 2(a) and (b) show the photonic
band structures for the lowest three bands in particular parts of the first Brillouin zone, from
Γ to H through K and from Γ to H through A, respectively. Here, the symmetric points in the
first Brillouin zone are defined in the inset in Fig. 2(a). The wavevectors kx, ky and kz point in
the same directions as x, y, and z in the real space. Since the top view of the PhC looks like a
triangular lattice, the second and third band show linear dispersions that are degenerate at the
K and K′ point. This degeneracy is lifted by varying the wavevector kz along the helical axis
from K to H in Fig. 2(a). Calculations of the dispersions in the other reciprocal directions
showed that this degeneracy occurs only at a single reciprocal point between the second and
third lowest bands, indicating the existence of a Weyl point even below the light line. The
same discussion can be applied to the degenerate point at the A point in Fig. 2(b).
Further evidence for these Weyl points are provided by non-zero topological numbers
around the degeneracy points. Figure 2(c) shows the sum of the section Chern numbers,C(kz),
for the lowest two bands. C(kz) has non-zero values except for kz = 0 and ±pi/a, confirming
that the point degeneracies at the K (K′) and A points are Weyl points. The value of C(kz)
changes from -1 to +1 at around kz = 0, and from +1 to -1 at around kz = ±pi/a. The sudden
change by +2 at kz = 0 indicates that Weyl points having +1 charge exist at the K (K
′) points.
Regarding the change by -2 at kz = ±pi/a, on the other hand, since Weyl points must appear
as a pair to conserve zero total topological charge in the first Brillouin zone, two Weyl points
having -1 charge exist at the A point, as shown in Fig. 2(d).
The degeneracy at the K point is resolved by detuning kz from zero, and a topologically
non-trivial energy gap appears. Due to bulk-edge correspondence,14) topological edge states at
the interface between the chiral PhC and air necessarily appear in this gap. Figure 3(a) shows
the band structure projected in the ky direction at kz = 2pi/3a. In this gap, clear gapless states
indicated by red and blue dotted lines appear even below the light line, which is indicated by
black dotted lines. The normalized band width of these edge modes is∆ f / fc ∼ 10%, where fc
is the central frequency of the mode dispersion. This normalized band width is comparable to
that of reported topological edge states derived from Weyl points in the microwave regime.4)
The magnetic field intensity for the gapless state at ky = 1.1pi/a, indicated by a green arrow
in Fig. 3(a), is spatially mapped in Fig. 3(b) at the interface between the second and the third
plates in Fig. 1(b). The electromagnetic field is confined at the air interface in a length shorter
than the wavelength. For the edge state shown in blue in Fig. 3(a), the electromagnetic field
is confined at the air interface on the left side of the PhC. Therefore, the gapless states are
confirmed to be topologically-protected edge states. The propagation directions of these edge
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states are tilted in the y-z plane due to the finite kz, as schematically shown in Fig. 3(c). Note
that the studied structure has time-reversal symmetry as well as C2 symmetry around the x,
y, and z axes, and the edge states propagate in both ±(ky, kz) directions.
The polarization of the edge modes in the steady state was then calculated using the
FDTDmethod. Here, we discuss the polarization component perpendicular to the propagation
direction. The PhC is assumed to be infinite in the y and z directions (periodic boundary
conditions), and perfectly matched layers are attached in the x direction, as shown in Fig. 4(a).
The perfectly matched layers are set in the PhC (air) at 4 µm = 8a (1 µm = 2a) away from the
interface. An impulse linear dipole is set at the vicinity of the interface. For a resonant mode
at λ = 1515 nm (a/λ = 0.33 indicated by the green arrow in Fig. 3(a)), the magnetic field
distributions in air 150 nm away from the interface are shown in Fig. 4(b). The maximum
intensity of Hx is almost equal to that of Hy, and is two times larger than that of Hz. The
time evolutions of these distributions do not show any propagation, indicating a standing
wave composed of two waves having (ky, kz) = ±(1.1pi/a, 2pi/3a). In the case of the two
waves having linear polarization, nodes in the standing wave must be aligned at the same
spatial points for all components of the field. This is not the case in Fig. 4(b), where Hx
shifts by a quarter wavelength compared with Hy. From these distributions, we extracted
the components perpendicular to the propagation direction, (ky, kz) = ±(1.1pi/a, 2pi/3a), and
projected them on the y-z plane, as shown in Fig. 4(c). The plotted vector of the standing wave
traces a right-handed helix along the propagation direction, indicating that the two waves
constructing the standing wave are strongly polarized in right-handed circular polarization
(RCP).16) The maximum ellipticity in Fig. 4(c) is 41◦, corresponding to a degree of circular
polarization of ∼ 85%. At the air interface on the left side of the PhC, the edge state is also
polarized in RCP, which is confirmed by C2 symmetry around the y or z axis. Note that
the field component parallel to the propagation direction also shows circular rotation in the
time evolution, resulting in a transverse spin.17) Also, another chiral PhC having left-handed
chirality also shows topological edge states propagating in the (± ky, ∓ kz) direction at the
right edge of the PhC and ±(ky, kz) at the left edge of the PhC. This is because the sign of
C(kz) is opposite for the PhCs having different chirality. Both edge states are polarized in
left-handed circular polarization (LCP).
For the other chiral PhC constructed by stacking the plates with a 45◦ in-plane rotation,
Figs. 5(a) and (b) show the photonic band structures for the lowest six bands in the first
Brillouin zone, from Γ to X (Y) and Z, and from R to U (T ) and S , respectively. Note that
the chirality of the PhC is right-handed. At the Γ point, the third and fourth lowest bands are
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degenerated at a single reciprocal point, indicating the existence of a Weyl point. Another
point-degeneracy appears at the R point, indicating another Weyl point forming a pair with
the first one. In fact, the sum of the section Chern numbers, C(kz), for the lowest three bands
has a non-zero values except for kz = 0 and ±pi/a, as shown in Fig. 5(c). The C(kz) changed
from -1 to +1 at around kz = 0, and from +1 to -1 at around kz = ±pi/a. The change by +2 (-2)
at kz = 0 (±pi/a) confirms that two Weyl points having +1 and -1 charge exist at the Γ and R
points. From these results, the topological charges in the first Brillouin zone are mapped in
Fig. 5(d), and the total topological charge is conserved to be zero in the Brillouin zone. Note
that in Fig. 5(a), another point degeneracy appears between the fifth and sixth band at the Γ
point. This degeneracy was also confirmed to be Weyl point, and another Weyl point forming
a pair with the first one exists at the S point in Fig. 5(b).
Topological edge states are numerically found by detuning kz from zero,
18) similar to the
chiral PhC with a 60◦ in-plane rotation. These gapless states are also below the light line,
and the electromagnetic field is actually confined at the interface between air and the PhC.
The polarization of the edge modes is again RCP, and the sense of the circular polarization is
changed in the left-handed chiral PhC.
In summary, we numerically investigated two kinds of semiconductor-based chiral PhCs
consisting of planar rod arrays stacked vertically with an in-plane rotation angle of 60◦ or
45◦. Both kinds of structures showed optical Weyl points even below the light line. Therefore,
the corresponding topological edge states appear at the air interface merely by detuning the
wavevector. By extracting the field components perpendicular to the propagation direction,
we also found that the edge states are strongly polarized in one of the circular polarizations,
whose handedness depended on the chirality of the PhCs. Since the studied chiral PhCs can
be fabricated using GaAs, the discovered Weyl points and the circularly polarized edge states
at air interfaces are achievable in practice and will allow the realization of robust planar
waveguides for circularly polarized light or topologically-protected active optical devices.
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Fig. 1. Schematic diagrams for the two kinds of chiral PhCs studied here. (a) A layer-by-layer chiral PhC
formed by staking plates with an in-plane rotation angle of 60◦. Three plates construct a single helical unit, as
shown in (b). (c) A layer-by-layer chiral PhC formed by staking plates with an in-plane rotation angle of 45◦.
Four plates construct a single helical unit, as shown in (d). The coordinates, x, y, and z, are defined in (a) and
(c). For clarity, a part of the structure is removed in (a) and (c), and the plates are separated from each other in
(b) and (d). (e) The calculation region for topological edge states in the PhC in (a). Three plates constructing
the helical unit are represented in different colors. For the PhC in (c), the calculation region is consistent with
(e) except for the length in the y-direction due to the different size of the unit cell.
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Fig. 2. (a), (b) Parts of the photonic band structure for the chiral PhC with 60◦ in-plane rotation. Point degen-
eracies in the 3D reciprocal space appear at the K and A points for the second and third lowest bands. The inset
in (a) shows half of the first Brillouin zone for the chiral PhC. (c) The sum of the section Chern numbers,C(kz),
for the lowest two bands. Except for kz = 0 and ±pi/a, C(kz) shows non-zero values, indicating that the point
degeneracies at the K (K′) and A points are Weyl points. (d) Distribution of the topological charges in the first
Brillouin zone. The total topological charge integrated in the Brillouin zone is conserved to be zero.
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Fig. 3. (a) Photonic band structure for the chiral PhC at kz = 2pi/3a, projected in the ky direction. Topological
edge states, indicated by red and blue dotted lines for clarity, appear in the gap derived from theWeyl points. The
edge modes are below the light line, which is indicated by black dotted lines. (b) Magnetic field intensity around
the air interface for the gapless state at a/λ = 0.33 (λ = 1515 nm for a = 500 nm) and (ky, kz) = (1.1pi/a, 2pi/3a),
as indicated by the green arrow in (a). The normalized intensity of the magnetic field is strongly localized at
the interface on the right side of the PhC. (c) Schematic diagram for about the propagation directions of the
edge states. The edge state shown in red (blue) in (a) is located in the right (left) interface, and both propagation
directions are tilted in the y-z plane. The air interfaces are assumed only in the x direction, and the structure is
assumed to be infinite in the other directions.
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Fig. 4. (a) Schematic top view of the calculated region in the FDTD method. The region is terminated by
perfectly matched layers in the x direction, and by periodic boundary conditions in the y and z directions. (b)
Magnetic field distributions for the components of Hx, Hy, and Hz at a slice in air close to the interface. Hx shifts
by a quarter wavelength from Hy, indicating that the circular polarization component is dominant in the standing
wave. (c) Vector plot of the magnetic field component perpendicular to the propagation direction, by using the
field profiles in (b). The vectors are projected on the y-z plane, and those having an angle more than 80◦ for the
y-z plane are replaced by arrows perpendicular to the y-z plane. The trace of the vectors forms a right-handed
helix along the propagation direction indicated by a faint double-headed arrow.
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Fig. 5. (a), (b) Parts of the photonic band structure for the chiral PhC with 45◦ rotation. Point degeneracies in
3D reciprocal space appear at the Γ and R points for the third and fourth lowest bands. Inset in (a) shows half of
the first Brillouin zone for the chiral PhC. (c) The sum of the section Chern number,C(kz), for the lowest three
bands. Except for kz = 0 and ±pi/a, C(kz) shows non-zero values, indicating that the point degeneracies at the Γ
and R points are Weyl points. (d) Distribution of the topological charges in the first Brillouin zone.
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